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ABSTRACT
There is an urgent and longstanding need for non-contact subsurface imaging for
the detection and identification of buried objects. This dissertation investigates the use of
specialized electromagnetic (EM) remote sensing techniques for the detection of
subsurface objects with little or no metal content, such as utility pipes, landmines, and
improvised explosive devices. Ground penetrating radar (GPR) is a well-established
remote sensing technology with widespread use; despite this, significant performance
limitations remain. First, a high degree of sensitivity is necessary to detect and locate
nonmetallic targets. Second, target geometries and congested target configurations are
difficult to identify and resolve. Third, radio frequency (RF) spectral congestion is such
that commercial penetrating radars are power limited by law to prevent harmful
interference with other devices. In this dissertation, controls on field shape and field
structure are shown to be effective methods to address these three challenges (sensitivity,
target geometry, and spectral efficiency). A related inquiry involving low-frequency
magnetic field shaping is also presented. The first objective is to use antenna orientation
configuration to shape the microwave EM sensing field to improve radar sensitivity. A
high standoff distance between antennas and the ground surface enables greater area
coverage and easier system movement over uneven or treacherous terrain; however, a
greater standoff distance also results in larger signal loss during transmission. The second
research objective of this dissertation is to have a functional, high performance GPR
capable of addressing the challenges of high sensitivity measurements and good spectral
efficiency. Notably the custom system designed here is easily sourced and reproduced since
it uses only commercially available hardware components. This modular, multistatic, time
domain radar system is shown to provide consistent, high quality data for GPR, throughwall, and field-testing applications. A narrow pulse time domain radar also results in low
integrated RF emissions, an important consideration for alleviating RF spectral congestion.
Compared to other GPR systems, it has swappable modular componentry, customizable
MATLAB software, compatibility with air launched horn antennas, superior triggering
stability for clear imaging, high power output, and high-speed high-resolution sampling.
The third research objective is to leverage waveform structure, specifically orbital angular
momentum (OAM), to address GPR challenges relating to target geometry and spectral
efficiency. Shaped EM waves with properties dependent on spatial distribution
(independent of polarization) are said to be “structured”. Control of OAM in microwave
systems is a novel example of wave structure that exploits EM degrees of freedom that
most conventional systems do not use. In this study a circular phased array is used to
transmit and receive microwaves with OAM characteristics. In summary, this dissertation
leverages numerical calculations, EM modeling, and laboratory testing for improved GPR
performance relating to sensitivity, target geometry, and spectral efficiency. Key results
include antenna configuration, a unique GPR system design, OAM phase front
characterization, the discrimination of OAM modes, and configuration of a network
analyzer ultra-wideband (UWB) radar with synthetic OAM mode-control via signal postprocessing. The unique chirality-detection capability of OAM radar is demonstrated, as
well as an OAM-based information transmission scheme.
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CHAPTER 1: LITERATURE REVIEW

1.1

Air-Launched Ground Penetrating Radar

There is an urgent and longstanding need for non-contact subsurface imaging for the
detection and identification of buried objects [25, 46]. This dissertation investigates the use
of specialized electromagnetic (EM) remote sensing techniques for the detection of
subsurface objects with little or no metal content, such as utility pipes, landmines, and
improvised explosive devices (IED). More than a third of all countries on Earth contain
post-conflict regions contaminated by landmines and unexploded ordnance (UXO).
UNICEF estimates 15,000 civilians are killed or maimed by landmines every year. In some
countries up to half of the casualties are children [4]. Ground penetrating radar (GPR) is
an effective system for imaging many types of subterranean objects [26, 31, 87, 92-94];
however, performance limitations remain for targets with little to no metal content such as
antipersonnel landmines.
Radars operate by transmitting, receiving, and then analyzing reflected EM waves.
For the case of penetrating microwave radars—such as GPR and wall penetrating radar—
these EM waves interact with subsurface features in dielectric structures, such as earth,
concrete assemblies, and building walls [52]. These dielectric structures may have spatially
varying dielectric properties which reflect, scatter, and absorb incident EM waves [52].
The severity of each of these interactions depends on an interplay of wavelength,
polarization, antenna orientation, and the spatial distribution of wave properties. For
example, Figure 1 (taken from [52]) shows that the relative orientations of linear
polarization and scan direction have a dramatic effect on the visual resolution of steel
reinforcing bars (rebars) in concrete. This type of radar image, called a B-scan, shows a
1

Figure 1 The relative orientations of linear polarization and scan direction have a dramatic effect
on the visual resolution of steel rebars in concrete. (Image credit: Dryver Huston)

target (in this case, rebar) as a hyperbola due to geometric path-length changes as the radar
antenna (or antennas) move over the target.
In this research, the use of advanced penetrating radar methods is considered for two
primary applications. The first involves mapping and monitoring underground
infrastructure such as pipes for drinking water, wastewater, and storm water, as well as gas
lines and electric utilities. Technical issues of interest include identifying structures in
highly congested underground configurations [80, 86, 87], such as overlapping pipes and
pipe elbows. A second primary aim is to conduct fundamental and applied research toward
the development of mobile multistatic air-coupled ground penetrating radars for the
detection of buried nonmetallic explosives such as landmines, UXO, and IEDs.
Based on the mounting positions of the antennas, GPR systems can be classified into
two categories: ground-coupled GPR or air-launched GPR. Ground-coupled GPR systems
have antennas installed closer to the detection surface, which results in small signal loss
2

Transmitter on UAV

(a)

(b)
Figure 2 Types of penetrating radar: (a) Concept for unmanned aerial vehicle (UAV) GPR. (b)
The author performing a through-wall radar scan.

and high detection sensitivity. In air-launched GPR systems, antennas are typically
operated at heights greater than one-quarter of the operating wavelength above the ground
surface. A high standoff distance between antennas and the ground surface enables greater
area coverage and easier system movement over uneven or treacherous terrain; however, a
3

greater standoff distance also results in larger signal loss during transmission. This tradeoff
should be taken into consideration when tuning the antenna height in an air-launched
system [32]. Two air launched GPR systems are shown in Figure 2.
1.2

Radar Coverage

In an air launched penetrating radar, the relative position of antenna elements shapes
the emitted field and determines the coverage and sensitivity of the radar. To study the
effects of antenna height and angle on GPR coverage and signal sensitivity, the path and

(a)

(b)

(c)

Figure 3 (a) Diagram of parameters: transmitter antenna angle 𝜽𝟏 ; antenna height h; beam
width φ; azimuth range d; propagation distance R. (b) Azimuth range as a function of antenna
height and antenna angle. (c) Normalized signal loss as antenna height and antenna angle (Ɵ) are
varied. (Image credit: Yu Zhang)
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penetrating capability of the GPR signal must be understood. Figure 3(a) shows that for an
antenna whose beam angle is φ, changing the antenna height h, or the antenna angle 𝜃1 ,
causes changes to the azimuth range d, and the propagation distance R. The azimuth range
can be calculated by:
𝜑
𝜑
𝑑 = ℎ [tan (𝜃1 + ) − tan (𝜃1 − )]
2
2

(1)

Figure 3(b) shows the azimuth range for different values of antenna height and antenna
angle. It is apparent that larger antenna angles mounted at greater heights yield greater
radar-beam coverage areas. However, increasing the height results in a longer signal
propagation distance. Consequentially, the signal power-loss increases, which reduces the
penetrating capability of the GPR signal. The signal propagation distance between the
center of the antenna aperture and the center of the azimuth footprint is determined:
𝑅=

ℎ
cos 𝜃1

(2)

Figure 3(c) shows an analysis of the theoretical normalized signal loss (dB) that occurs due
to different combinations of antenna height and angle. In general, for signal propagating
between two antennas, the signal power at the receiver antenna can be calculated using the
Friis transmission formula:
𝑃𝑟𝑥 = 𝑃𝑡𝑥 (

𝜆 2
) 𝐺𝑡𝑥 𝐺𝑟𝑥
4𝜋𝑅ʹ

(3)

where Prx is the available power at the terminals of the receiver antenna, Ptx is the power
applied to the terminals of the transmitter antenna, λ is the signal wavelength, Rʹ is the
signal path distance between the antennas, Gtx is the gain of the transmitter antenna, and
Grx is the gain of the receiver antenna. It is clear from a comparison of Figure 3(c) with
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Figure 3(b) that an antenna configuration which achieves a larger coverage area will have
a higher transmission loss.
1.3

Orbital Angular Momentum

Shaped EM beams with both amplitude and phase dependent on spatial distribution
are said to be “structured” [36]. Structure is another property of an emitted field which
determines the coverage and sensitivity of a radar. One type of waveform structure is
orbital angular momentum (OAM). Recalling Figure 1, the performance of a penetrating
radar depends on geometric properties of the propagating field, such as polarization.
Developments over the past three decades indicate that other controls over the geometry of
propagating microwaves may be used to improve GPR performance, including OAM
control [52].
Control of OAM in microwave systems is a novel example of wave structure that
exploits EM degrees of freedom that most conventional systems do not use. This is of
interest for increasing radar sensitivity and communication spectral efficiency. Spectral
efficiency is a major concern for modern microwave and radio-frequency communication
systems [47]. A 2019 NASA solicitation lists “Spectrum-Efficient Technologies” as a
technology area of interest with the goal to develop: “[s]pectrally efficient technologies to
allow for packing more bits per second in a given bandwidth” [3]. Furthermore, OAM
waveforms may also increase radar detection capability for certain shaped objects. NASA
Research Announcement NNH18ZHA003N lists the topic “Exploration and Development
of Orbital Angular Momentum of Radio Waves Concept for Microwave Remote Sensing”
[12].

6

EM waves and the comprising photons carry both linear and angular momentum.
Angular momentum can be either spin angular momentum (SAM), which corresponds to
polarization, or orbital angular momentum (OAM). There are two types of OAM. Extrinsic
OAM is analogous to mechanical angular momentum: since an EM beam carries linear
momentum, 𝑃⃗, choosing a coordinate reference and a point in space yields an extrinsic
OAM:
⃗L𝐸 = r × 𝑃⃗

(4)

Extrinsic OAM depends on the choice of the coordinate system, and corresponds to beam
trajectory [10, 11]. The more interesting option is intrinsic OAM, which corresponds to
EM beam helicity [11]. The investigation pursued in this dissertation is focused on intrinsic
OAM, hereafter simply, “OAM”. OAM holds advantages over the conventional use of
polarization. Polarization is a property of SAM that defines the orientation of a wave’s
oscillations. Polarization is an additional degree of freedom; however, it constrains antenna
orientation and there are only two polarizations (four if right and left-handed circular
polarizations are considered distinct from their horizontal and vertical components),
whereas the number of OAM degrees of freedom is mathematically infinite.
An important distinction should be made between waves with OAM and waves
with circular polarization—these are independent properties. Indeed, a beam of light can
have both circular polarization and OAM. Longitudinal waves, such as acoustic waves,
cannot be polarized, yet can carry OAM [15, 17]. For transverse waves capable of
polarization (such as EM waves), SAM can be converted to OAM [16]. While SAM and
OAM have been found to be separately observable properties in optics [62], it remains an

7

(a)

(b)

Figure 4 (a) An OAM (𝒍 = −𝟏) electromagnetic wave propagating left-to-right from a threeantenna circular phased array of microwave antennas. (b) OAM is induced by broadcasting a
plane wave through a spatial phase plate (SPP) dielectric which introduces an azimuthally
dependent phase delay.

open question as to whether it is possible in general to measure SAM and OAM as
separable components for arbitrary vector fields [43, 60].
At the photon level, OAM appears as a quantum degree of freedom with integer
quanta of angular momentum added to each photon. The challenge then is to have a
macroscopic interpretation in which continuous EM fields are compatible with this
quantized interpretation. At the macroscopic scale, OAM can be mathematically
represented in EM beams with Laguerre-Gaussian (LG) modes. LG modes are integers,
suggesting a direct link between the quantum and macroscopic interpretations: LG modes
are the eigenmodes of the OAM operator [8]. OAM mode number zero represents the case
of a plane wave and microwaves with a nonzero OAM mode propagate with a helical
wavefront. The mode number corresponds to the number of intertwined helices [90]; for
example: a single helix, double helix, etc. The effect is helix-shaped waves [14] with pitch
length on the order of the wavelength and energy concentrated in a ring around the
propagation axis, with no energy at the center along the axis. Since phase is undefined at
the center of the helix, the electric field 𝐸⃗ is undefined, leading to zero field intensity [66].
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This characteristic annular [35] intensity distribution is why OAM beams may also be said
to have vortex structure. An OAM waveform is illustrated in Figure 4(a).
LG modes are mathematically mutually orthogonal and represent a theoretical
means of propagating EM waves with different information content along the same
beamline at the same wavelength [14, 63], increasing the rate of data transmission and
improving spectral efficiency. In this way, OAM waves create interesting possibilities for
custom high data-rate communication schemes, such as multiplexing multiple signals at
the same frequency, and maintaining orthogonal separation through control of the OAM
helicity of individual channels. OAM modal orthogonality is discussed at length in Chapter
7.3.
To date, most of the applications of rotating-field beams have occurred in the
optical regime [89]. In 1997, Simpson demonstrated an OAM optical spanner capable of
rotating Teflon particles [67]. Tabosa and Petrov observed the torque exerted on cesium
atoms by an optical votex beam [72]. Manipulation of vorticity parameters in optical OAM
beams has shown potential for improved transmission through turbulent air [81]. Recently
there has been increased interest expanding this type of work into the microwave regime.
For example, catenaries have been arranged in a spiral pattern for optical OAM control
[61], and LG modes have also been produced in 97 GHz microwaves using waveplates
with spiral patterns of holes [14]. Numerical simulations show the potential for improved
azimuthal scanning with concentric array OAM radar systems [38]. OAM has shown
promise in atmospheric science [37], including an OAM-based vortex radiometer used by
NASA to detect atmospheric noise, enabling noise mitigation before communication
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systems are disrupted [1, 65, 66]. OAM has also been measured in microwaves propagating
near a black hole [77].
OAM can be induced in microwaves by broadcasting a plane wave through a spiral
phase plate (SPP) dielectric which introduces an azimuthally dependent phase delay,
Figure 4(b). However, SPPs are frequency-specific, which presents an obstacle for
harnessing OAM in frequency-modulated communication systems and wide-bandwidth
radar. A complex phase front, such as the OAM helical wave front, can be synthesized by
using a coherent circular array of antenna emitters, each of which can be phase controlled
to create a beam [79], Figure 4(a). This approach offers a critical advantage: the phases of
all antenna elements are programmable across different frequencies. As a result,
transmission and reception of the OAM beam can be controlled over a wide frequency
spectrum.
It is interesting to consider the implications of the phased array OAM generation
method—it seems clear that OAM is a property of the generated EM beam [40], but what
about the individual photons? Once a single photon leaves an antenna element, at what
point does it gain OAM? The answer may depend on the transmission medium, i.e.,
whether or not the OAM beam propagates in free space or interacts with matter [10, 11].
1.4

Mathematical Description of OAM

In a conference paper from our laboratory entitled, “Orbital Angular Momentum
Assisted Ground Penetrating Radars” [52], the following mathematical description of
OAM is presented. In classical physics the principal EM vector fields are the electric field
⃗ . The Poynting vector represents energy transfer per unit area
𝐸⃗ , and the magnetic field, 𝐵
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per unit time (i.e., energy flux) in a direction. The EM field propagates through space with
linear momentum density 𝑔 in terms of the Poynting vector 𝑆 as:
(5)

⃗ ×B
⃗ = ϵ0 S⃗
⃗g = ϵ0 E

In an OAM beam, the Poynting vector is perpendicular to the phase front and therefore has
a component of azimuthal momentum [58, 59]. The OAM density ⃗L at a point with position
𝑟 is with respect to a fixed reference point is the moment:
⃗ = r × ⃗g = ϵ0 r × (E
⃗ ×B
⃗ ) = ϵ0 r × S⃗
L

(6)

⃗ ⊥B
⃗ . Such a plane
In an isotropic medium with fields oscillating at a single frequency, E
wave propagating in the z-direction at a frequency ω and wavenumber k =

ω
c

has uniform

properties in the x- and y- directions with electric and magnetic fields:
⃗E = ⃗E0 ei(kz−ωt)

(7)

⃗B = ⃗B0 ei(kz−ωt)

(8)

⃗ 0 and B
⃗ 0 constant vectors, possibly complex, and both in laying in the x-y plane
with E
perpendicular to the direction of propagation, z. Since the ⃗E and ⃗B fields are orthogonal,
the cross-product and linear momentum point in the z-direction. The momentum density is
homogeneous for a plane wave. Integration of the z-component of the OAM density in the
x-y plane yields zero angular momentum in the case of a plane wave.
Scalar waves provide a guide to approximate solutions, including descriptions of
beams [64]. The scalar wave equation is:
1 ∂2 𝜓
∇ ψ= 2 2
c ∂t
2
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(9)

Elongated single-frequency beams with relatively small gradients of shape with respect to
the propagation axis permit approximation with the paraxial wave equation. The
approximation for a scalar plane wave propagating in the z-direction is:
𝜑(𝑥, 𝑦, 𝑧) = 𝐴(𝑥, 𝑦, 𝑧)𝑒 −𝑖𝑘𝑧

(10)

where A(x,y,z) varies slowly compared to the wave frequency. This leads to the simple
form of the paraxial wave equation:
𝜕 2𝐴 𝜕 2𝐴
𝜕𝐴
+ 2 − 𝑖2𝑘
=0
2
𝜕𝑥
𝜕𝑦
𝜕𝑧

(11)

The LG modes are a set of solutions which produce EM beams with OAM. In cylindrical
coordinates the LG modes ALG (r, θ, z) are:
𝑙

r√2
2r 2
𝑙
A𝐿𝐺 (r, θ, z) =
) LG ( 2 )
1(
w(z)
w (z)
2
2
z
(1 + 2 )
zR
C

−r 2
−ikr 2 z
× exp ( 2 ) exp ( 2
) exp(−i𝑙θ)
w (z)
2(z + zR2 )

(12)

z
× exp (i(2p + 𝑙 + 1)atan ( ))
zR
where 𝑧𝑅 is the Raleigh range, w(z) is the beam radius, 𝐿𝑙𝐺 is the associated Laguerre
polynomial of order l, and C is a constant [8]. For Laguerre-Gaussian beams based on the
⃗ fields produce a non-transverse component,
assumption of transverse 𝐸⃗ fields, the 𝐵
leading to a helix. Integrating the angular momentum density of these beams about the zaxis produces a non-zero angular momentum [90]. The ratio of angular momentum L to
linear momentum P in terms of the wavelength λ is:
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L
𝑙λ
=
P 2π

(13)

In the quantum realm, propagating EM waves are represented with photons. For
linear momentum, an operator 𝑝̂ acts on a position q as an observable. The states are
eigenvalues of 𝑝̂ , where:
𝑝̂ = −𝑖ℎ∇

(14)

The linear momentum states of a photon are discrete integer multiples of the Plank
constant ℎ = 2𝜋ℏ. Taking the moment r × p̂ of the linear momentum operator produces
the angular momentum operator 𝑙̂. The possible eigenvalue states of angular momentum
form two sets of discrete values [43]. In both sets, the difference between states is integer
multiples of ℏ. One set has multiples with the integers: ...-2, -1, 0, 1, 2.... The other set has
half-integer multiples: ...-3/2, -1/2, 1/2, 3/2.... Isolated fermions such as electrons fall into
the latter half-integer set. Bosons such as photons fall into the former set, and have SAM
states of -1 and 1 [60]. Accordingly, in addition to integer SAM states, photons have integer
OAM state components.
1.5

Future OAM Applications

This section describes hypothetical applications of microwave OAM which have
not yet been rigorously demonstrated, but which motivate interest in the field of study.
OAM may be used to increase the sensitivity of certain doppler radars for finding hard-todetect high-order harmonics sought for landmine detection. The use of doppler radar holds
promise for the detection of buried landmines and unexploded ordnance [84] because these
human-made objects introduce vibrational nonlinearities when soil is subjected to lowamplitude vibration on the order of 100-200 Hz [33, 95]. This harmonic signature can be
13

Figure 5 Mixed frequency response showing high-order harmonics of antipersonnel landmine.
Measured by the author with an accelerometer.

measured by attaching an accelerometer to the landmine, as shown in Figure 5. However,
the radar signal returns are very weak, making the high-order harmonic signature of a
landmine difficult to detect with radar. Looking again at Figure 4, one can visualize that a
change in path length (such as that caused due to vibration of a target) will cause a change
in the OAM vortex phase of the reflected signal. Periodic phase change of the vortex wave
should be detectable with spectral analysis. This property of OAM is analogous to—but
independent of—the frequency shift between source and observer for rotational motion of
circularly polarized light [89]. In this way, the addition of OAM sensing capability to a
doppler radar grants sensitivity to an additional measure of spectral frequency content,
potentially improving detection capabilities. Quantum doppler radar also holds promise for
enhanced sensing in applications requiring low-level radiated emissions [34].
Another application of OAM is to entangle the spin and orbital angular momentum
of a single photon [23, 70]. This hyperentanglement (entanglement in more than one degree
of freedom) has been shown to improve the signal to noise ratio of certain measurements
14

[68, 69]. OAM hyperentanglement may be able to improve the transmission of photons
through atmospheric turbulence [30, 48]. Currently this has only been accomplished in the
optical realm, around 400-nm wavelength [70]. Microwave hyperentanglement would be
beneficial for several aims, including ghost imaging. Ghost imaging works by leveraging
two beams of entangled photons, one which interacts with a target, and the other which
does not. Data are only collected from the beam which does not interact with the target
when a return signal is received from both beams. This creates a silhouette of the target
using photons which do not touch the target. This improves detection of objects with weak
signal returns. Ghost imaging has been demonstrated in the optical realm with a 355 nm
laser [29], but it has not been incorporated into a microwave radar. Doing so could improve
radar performance and open new areas of study for quantum microwave technologies.
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2

CHAPTER 2: HYPOTHESIS & RESEARCH OBJECTIVES

GPR is a well-established remote sensing technology with widespread use [6] for
the detection of underground objects with little or no metal content, such as utility pipes,
landmines, and improvised explosive devices. Despite this, significant performance
limitations remain. First, a high degree of sensitivity is necessary to detect and locate
nonmetallic targets. Second, target geometries and congested target configurations are
difficult to identify and resolve. Third, radio frequency (RF) spectral congestion is such
that commercial penetrating radars are power limited by law to prevent harmful
interference with other devices. In this dissertation, controls on field shape and field
structure are shown to be effective methods to address these three challenges (sensitivity,
target geometry, and spectral efficiency). A related inquiry involving low-frequency
magnetic field shaping is described in Chapter 4.4.
The first objective is to use antenna orientation configuration to shape the
microwave EM sensing field to improve radar sensitivity. This results of this research are
described in Chapter 4.1 in the paper, “Bistatic antenna configurations for air-launched
ground penetrating radar”, which was published in the Journal of Applied Remote Sensing
in April 2019. Studies on the effects of antenna height and antenna angle are reported to
improve the sensitivity of a bistatic air launched GPR intended for a low-flying unmanned
aerial vehicle application. Compared to previous literature, this study includes
simultaneous variation of antenna angle and antenna height, including antenna heights
greater than 20 cm above the ground surface. The choice of a small, nonmetallic cylindrical
target was made with the intention that these results may be applicable to landmine
detection and demining efforts.
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The second research objective of this dissertation is to have a functional, high
performance GPR capable of addressing the challenges of high sensitivity measurements
and good spectral efficiency. This system is described in Chapter 7.1. Hardware
components were chosen and programmed for high sensitivity, high speed measurements.
Since all components are commercially available, the system can be easily sourced and
reproduced. The modular, multistatic, time domain design is shown to provide consistent,
high quality data for GPR, open air, and field-testing applications. A narrow pulse time
domain radar source results in low integrated RF emissions, an important consideration for
alleviating RF spectral congestion and improving spectral efficiency. Compared to other
GPR systems, this system offers unique performance advantages: it has swappable modular
componentry, customizable MATLAB software, compatibility with air launched horn
antennas, superior triggering stability for clear imaging, high power output, and high-speed
high-resolution sampling. This provides a flexible radar testbed suitable for detecting and
imaging small, nonmetallic targets.
The third research objective is to leverage waveform structure, specifically OAM,
to address GPR challenges relating to target geometry and spectral efficiency. OAM beams
may interact with shaped subsurface features, such as congested pipes or pipe corners, in
manners different than non-rotating beams. The potentially unique OAM scattering and
reflection characteristics of various materials and object geometries are of particular
experimental interest. The preponderance of current OAM research ignores the GPRfriendly frequencies around 1 GHz, and also focuses on length and time scales much greater
than those considered in GPR applications. Unlike previous work, the research in this
dissertation focuses specifically on frequency, time, and length scales appropriate for GPR.
17

Fundamental OAM GPR research—on topics including target geometry—is described in
Chapter 4.2 in the paper “Synthetic Ultrawideband Orbital Angular Momentum Radar”,
which was published in the Journal of Applied Remote Sensing in March 2021. The
synthetic OAM system presented in Chapter 4.2 has ultra-wideband (UWB) capability, a
unique innovation that makes imaging with an OAM GPR more feasible. The paper in
Chapter 4.3, “Study of OAM for Communication and Radar”, considers OAM implications
on target geometry and spectral efficiency. This paper was accepted by peer review for the
2021 IEEE Radar Conference on January 29, 2021. OAM waveform self-healing is
investigated in Chapter 7.2. Chapter 7.3 discusses the tricky issue of OAM modal
orthogonality. Control of OAM is shown to improve radar sensitivity to certain chiral
targets (Chapter 4.2, Chapter 4.3). In Chapter 4.3, OAM is implemented in a novel design
for a dual function RF sensing and communication scheme, which may achieve improved
spectral efficiency, data rates, and streamlined hardware requirements.
In summary, these investigations leverage numerical calculations, EM modeling,
and laboratory testing for improved GPR performance relating to sensitivity, target
geometry, and spectral efficiency. Key results include antenna configuration, a unique GPR
system design, OAM phase front characterization, the discrimination of OAM modes, and
configuration of a network analyzer UWB radar with synthetic OAM mode-control via
signal post-processing. The unique chirality-detection capability of OAM radar is
demonstrated, as well as an OAM-based information transmission scheme.
The format of this dissertation is as follows. Chapter 3 outlines the methodologies
utilized in this project. Chapter 7 reports unpublished work not covered in the main
publication arc: Chapter 7.1 describes the custom time domain GPR system developed by
18

the author, Chapter 7.2 communicates early and unpublished OAM results, and Chapter
7.3 presents a discussion of OAM modal orthogonality including simulation data. Chapter
4 contains the author’s relevant publications, i.e. the main publication arc. Many of the
most important experiments and results of this dissertation are contained only in the papers
in Chapter 4. Chapter 4.1 is “Bistatic antenna configurations for air-launched ground
penetrating radar”, published April 2019. Chapter 4.2 is “Synthetic Ultrawideband Orbital
Angular Momentum Radar” (published March 2021). Chapter 4.3 is “Study of OAM for
Communication and Radar” (accepted for publication January 2021). Chapter 4.4 expands
the concept of field shaping into a low frequency regime. It contains the paper, "Y-Stator
Vibrating Magnet Antenna" (accepted for publication February 2021, published “Early
Access” March 2021).
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3
3.1

CHAPTER 3: METHODOLOGY

Time Domain and Frequency Domain Techniques

GPR systems are typically designed with one of two different functional
approaches. The first variety is a time domain impulse radar design. Here, pulse signals are
produced that penetrate through the medium under inspection. Echoes are received,
digitized in real time, and analyzed to achieve radar imaging. The pulse width is very
narrow—on the order of one nanosecond—which results in the ultra-wide frequency
bandwidth that is necessary for detailed imaging. Fourier analysis reveals that a narrow
pulse is mathematically composed of sine waves that span a wide frequency range.
Therefore, the narrower the radar pulse, the wider the operational frequency bandwidth,
and the better the imaging quality. Impulse radar design has a simple design architecture
as the baseband pulses are transmitted directly, and the receiving circuit simply monitors
for reflected signal over time after the pulse is transmitted (hence, time domain). A
drawback of the time domain design is the requirement for a high-speed high-resolution
analog to digital converter (ADC, or “digitizer”). Until recently, the performance
requirements of these devices were often prohibitive, resulting in exorbitant system cost or
undesirable performance. Recent digitizer product developments have made high
performance full waveform time domain radar a more viable and desirable approach. Time
domain approaches are utilized in Chapter 4.2, Chapter 4.3, Chapter 7.1, Chapter 7.2, and
Chapter 7.3.
A second approach is continuous wave frequency domain radar, of which a
common variant is stepped frequency continuous wave (SFCW) radar. A SFCW radar
sequentially transmits brief sinusoidal signals at different frequency “steps” across a
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frequency bandwidth. After each frequency-sinusoid is transmitted, the complex
magnitude and phase response of that reflected signal is measured individually. Once
responses are measured at all frequency steps in the frequency sweep, the responses are
assembled into a matrix. An inverse Fourier transform is performed on this matrix to
synthesizes a time domain impulse response. In this way, frequency domain radar
measurements are shown to be equivalent to time domain measurements via inverse
Fourier transformation. (In fact, this process can be used to produce both the real and the
imaginary components of the received signal, something not possible with a time domain
system.) Since a SFCW radar can operate across the same frequency band as an impulse
system, it yields mathematically equivalent measurements with several advantages. First,
a SFCW system does not require a high-speed ADC for data acquisition. Second,
waveforms can be synthesized through spectrum manipulation to leverage sensing
performance under various conditions. Specifically, it is possible to bypass frequencies
compromised by strong environmental interference.
The main weakness of SFCW radar is its comparatively low sensing speed.
Whereas an impulse can be generated and received in a matter of milliseconds, emitting
and measuring individual frequency tones sequentially takes a relatively long amount of
time—on the order of one second to synthesize an impulse response. If the relative position
between a radar and a target changes rapidly, slow frequency domain sampling may result
in a smeared or inconclusive radar image.
A second drawback to frequency domain systems is unit size and cost. In academic
settings, frequency domain radars are commonly designed around network analyzers.
Network analyzers are proven, relatively widespread devices found in laboratory settings.
21

However, their high cost (starting around a quarter-million dollars) makes them
extraordinarily expensive for use as dedicated radar systems (as opposed to a multiuse
device that is sometimes used for radar measurements). Furthermore, network analyzers
are large, heavy, fragile, and sensitive to environmental conditions such as humidity. New
fully digital units such as Keysight FieldFox Handheld RF and Microwave Analyzers [5]
may change this paradigm. Frequency domain approaches are utilized in Chapter 4.1 and
Chapter 4.2.
3.2

Impedance-Matched Horn Antennas

GIMA (Good Impedance Matching Antenna) horn antennas [27] are periodically
used throughout this investigation due to their high performance across a wide frequency
bandwidth. These custom, hand built antennas are designed to minimize impedance

(a)

(b)

Figure 6 (a) CAD model of a GIMA antenna (image credit: Dylan Burns). (b) S11 of a GIMA
antenna, as measured by the author.
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mismatching at the antenna feedpoint [7]. This unique feature gives the antenna good
wideband capability from 500 MHz to 6+ GHz. A computer-aided design (CAD) model of
a GIMA antenna is shown in Figure 6(a). Figure 6(b) shows a 0-18 GHz S11 measurement
of a GIMA antenna. S11 is a measure of reflected versus transmitted power—an antenna,
like this one, with low S11 will efficiently transmit a signal with minimal signal reflecting
backwards from the interface of the source with the antenna. GIMA horn antennas are used
in Chapter 4.1 and Chapter 7.1.
3.3

OAM in the Time Domain

Microwave OAM experiments were conducted in the time domain using the
following benchtop test equipment. A microwave phased array uses an arbitrary waveform
generator (AWG) and digitizer system to enable synthesis and reception of OAM waves
via a four-antenna transmit, four-antenna receive arrangement. The polarization of all eight
antennas is linear and in the same direction with the intent of reducing polarization effects.
Specifically, the equipment includes a Keysight M9010A PXIe chassis, M9037A PXIe
Embedded Controller, M3602A Graphical FPGA Design Environment, M3202A fourchannel 1 GS/s PXIe AWG, M3102A four-channel 500 MS/s 14-bit PXIe Digitizer, two
N5182B RF Vector Signal Generators (9 kHz to 6 GHz), eight Mini-Circuits ZX05-2-S+
frequency mixers, two Mini-Circuits ZN4PD-272-S+ power splitters, and eight Kent
Electronics log periodic printed circuit board antennas (400 MHz to 1 GHz). A component
block diagram is shown in Figure 7(a).
The send and receive arrays are each configured with channels 1-3 arranged in an
equilateral triangle circular phased array configuration, with channel 4 at its center.
Channel 4 enables sensing at the center of the OAM vortex, as well as the potential to
23

(a)

(b)
Figure 7 (a) Block diagram of microwave OAM test system. (b) 4-channel send, and 4-channel
receive phased array microwave OAM testbed. Note the green log-periodic dipole array (LPDA)
antennas.

conduct differential signal analysis between an OAM wave (transmitted from channels 13) and a plane wave without OAM characteristics (transmitted from channel 4). The
circular phased array was set to have a two-wavelength diameter at 750 MHz
(approximately 0.8 meters), and the send and receive arrays were positioned approximately
two wavelengths apart.
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Figure 8 Typical mixed signal containing both the baseband beating at 50 MHz and a faster
upconverted band at 750 MHz.

To synthesize an OAM waveform, each of the circular phased array elements was
configured to transmit a sine wave with the following phase offsets: channel 1 (0°), channel
2 (120°), channel 3 (240°). With this equipment, the digitizer is the primary limitation on
system performance. With a 500 MS/s sampling rate, full waveform digital sampling can
only capture waveform detail for a waveform frequency up to about one-tenth the sample
rate, in this case 50 MHz. Because of this, frequency mixing is required. The AWG
synthesizes each of the four channels at 50 MHz. These four baseband signals are
upconverted to 750 MHz via mixers before being transmitted. After reception, the signals
are down converted back to 50 MHz at which frequency full-waveform digitization can be
performed, as shown in Figure 8. This experimental method forms the basis for results in
Chapter 7.2.
3.4

OAM in the Frequency Domain

The digitizer’s limited sampling rate necessitates frequency upconversion and
downconversion for time domain OAM experiments. To avoid the need for this frequency
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mixing, OAM experiments can be conducted natively at the appropriate frequencies in the
frequency domain using a network analyzer. This process leverages superposition and postprocessing to synthetically recreate the behavior of an OAM waveform. (OAM
superposition is discussed in Chapter 7.3.) Individual magnitude and phase measurements
are combined to synthesize OAM waveforms which have the same properties as those
generated by a simultaneously transmitting phased array. The author has dubbed this novel
approach “synthetic OAM”. To verify the performance of this system, the concept of an
SPP dielectric lens is adapted to that of a spiral reflector. The spiral reflector is used to
detect a specific OAM mode at a specific frequency. This process is discussed at length in
Chapter 4.2. The operational frequency range of a network analyzer gives this OAM system
UWB capability, a unique innovation for an OAM GPR.
The operating theory behind the function of synthetic OAM is the implementation
of a fractional Hilbert transform (FHT) [41]. The conventional Hilbert transform (HT)
imparts a +/- 90-degree phase shift to every frequency component of a complex signal via
multiplication by i. This gives positive frequencies a shift of +90 degrees, and negative
frequencies a shift of -90 degrees. For a pure sine or cosine [28]:
1 ∞ sin 𝜔𝜏
𝐻[sin 𝜔𝑡] = ∫
𝑑𝜏 = cos 𝜔𝜏
𝜋 −∞ 𝜏 − 𝑡
𝐻[cos 𝜔𝑡] =

1 ∞ cos 𝜔𝜏
∫
𝑑𝜏 = − sin 𝜔𝜏
𝜋 −∞ 𝜏 − 𝑡

𝜔>0

𝜔>0

(15)
(16)

A FHT, by contrast, can impart an arbitrary designated phase shift [13]. The FHT
has been used in signal processing [91] for tasks such as image edge enhancement and
image compression [78]. For this research, the ability to designate a specific user-defined
phase shift is critical for implementing the phase delays necessary to produce a coherent
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OAM mode from a circular phased array. The FHT can be defined in the frequency domain
as [41, 91]:
ℋ∝ (𝑓) = [𝑐𝑜𝑠𝜑 + 𝑖 ∗ 𝑠𝑔𝑛(𝑓) ∗ 𝑠𝑖𝑛𝜑][𝑋𝑅 (𝑓) + 𝑖 ∗ 𝑋𝐼 (𝑓)]𝑓(𝑡)

(17)

where 𝜑 is the phase of the FHT, 𝑠𝑔𝑛(𝑓) is the signum function, and 𝑋𝑅 (𝑓) and 𝑋𝐼 (𝑓) are
the real and imaginary parts of the Fourier transform of the original signal, respectively. In
reality, implementation is very straightforward since the network analyzer operates
natively in the frequency domain and gives the operator individual measurements of
magnitude and phase for each frequency component. Therefore, implementation of a FHT
is as simple as inserting the desired phase shifts directly into the individual frequency
components. An inverse Fourier transform can then be used to recover a time domain
response, if radar imaging is desired.
3.5

Finite-Difference Time-Domain Modeling

Electromagnetic simulations were performed with the program gprMax [83] using
the finite-difference time-domain (FDTD) technique, also called Yee's method. Maxwell’s
equations are discretized in space, allowing calculation of the electric field for each point
at progressing time instants. Since the field is calculated at every point in the model
domain, intricate geometries, measurements, and visualizations can be created. A
drawback of FDTD is that computer memory requirements scale by volume in threedimensional space, which can make solving large three-dimensional domains prohibitively
computationally intensive. FDTD modeling in gprMax is used in the research presented in
Chapter 4.1, Chapter 4.2, Chapter 4.3, and Chapter 7.3.
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4
4.1

CHAPTER 4: PAPERS

Bistatic Antenna Configurations for Air-Launched Ground Penetrating Radar
The paper, “Bistatic antenna configurations for air-launched ground penetrating

radar”, was published in the Journal of Applied Remote Sensing in April 2019.
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4.2

Synthetic Ultrawideband Orbital Angular Momentum Radar

The paper, “Synthetic Ultrawideband Orbital Angular Momentum Radar”, was
published in the Journal of Applied Remote Sensing in March 2021.
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4.3

Study of OAM for Communication and Radar

The conference paper, “Study of OAM for Communication and Radar”, was
accepted by peer review for the 2021 IEEE Radar Conference on January 29, 2021.

52

53

54

55

56

57

4.4

Y-Stator Vibrating Magnet Antenna

Most of this dissertation has focused on EM field control in the microwave regime,
approximately 0.1 to 10 GHz. However, field shaping is also possible in the ultra-low
frequency (ULF) band (300 to 3000 Hz) by moving magnets. A switching magnetic field
induces RF propagation in the far field. Both the switching magnetic field and the
propagating radio waves are of interest in this topic. Magnetic systems penetrate effectively
through earth and water making them appealing for advanced, low-bitrate sensing and
communication systems [50]. A novel application of this technology relates to NASA’s
interests in which the plasma produced by a hypersonic reentry vehicle prevents radio
communication during descent [49]. Under certain conditions, the generated near field
magnetic waves may penetrate through plasmas.
Low-frequency EM fields have traditionally been generated and received with
either large electric induction coils, or massive antennas which are physically resonant with
the desired transmission frequency. Low frequency electromagnetic waves have free-space
wavelengths which measure from tens to thousands of kilometers, making traditional
antenna designs—which must be resonant with the desired transmission frequency—
impractically large and too expensive for most applications [49]. An example is Very Low
Frequency (VLF) radio waves with frequencies between 3 kHz and 30 kHz. Current VLF
transmission facilities include the VLF Transmitter Cutler, operated by the US Navy in
Cutler, Maine [21]. The facility requires a staff of over 50 people and consumes up to 1.8
megawatts of power. An overhead-wire VLF antenna array located at the Jim Creek Naval
Radio Station in Washington [20] covers an area of approximately 700 acres. Only in the
past two decades have low-cost alternatives become viable. Rare-earth magnets show
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promise for the development of compact signaling sources which can operate at much
lower power levels.
A compact electromagnetic source can be created via the controlled mechanical
movement of these rare earth permanent magnets. A simple version is a rotating permanent
magnet, which works well at modest frequencies up to about 100-200 Hz [50, 71].
Mechanically vibrating magnets can operate at much higher frequencies, but do not directly
create a reversing field. To create an oscillating magnetic field for penetrative signaling, a
permanent magnet can be oscillated back-and-forth across a specialized soft-magnet Ystator which projects a switching magnetic field that is theoretically capable of kilohertz
frequencies. This work represents a continuation of the author’s M.S. thesis research [49].
US patent US010771116B2, “Vibrating Magnet Antenna”, was issued September 8, 2020.
Chapter 8 contains the patent document. The paper, “Y-Stator Vibrating Magnet Antenna”,
was accepted for publication in IEEE Transactions on Magnetics on February 22, 2021 and
published “Early Access” March 25, 2021.
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5

DISCUSSION

The results presented in this dissertation have wide-ranging applications including
mapping and maintenance of underground urban infrastructure [53], detection of buried
explosives [53], spectrally efficient radar systems [56], disaster communications [55], and
even extraterrestrial exploration [55]. Intellectual contributions include determination of
high performing antenna configurations for a low-flying UAV GPR [53], assembly of a
custom high-sensitivity time domain GPR, proof of concept demonstration of the vibrating
magnetic antenna invention [55], research exploration of OAM for GPR applications [57],
conception and development of a synthetic UWB OAM radar [57], and demonstration of a
scheme for combined sensing and communication leveraging OAM [56].
The synthetic UWB OAM radar may be a particularly significant contribution and
it is therefore an appealing topic for future research. A field test could be designed to
compare the performance of the synthetic UWB OAM radar versus a traditional UWB
GPR, in terms of ability to resolve and identify congested target configurations and
irregularly shaped targets. This type of study is relevant to many municipalities who seek
to use GPR to locate and image underground utility pipes. A test could examine buried
target configurations to determine the ability of helical OAM waveforms to improve
detectability and distinguishability of buried objects including those with symmetric,
asymmetric, and chiral geometries. This would allow recommendations to be made for the
design of future OAM GPR systems for specific applications, such as detecting
underground municipal pipes, wires, or landmines.
Another area for development is that the current synthetic UWB OAM system has
a relatively slow scan speed—approximately 1 Hz. Since scan rate determines the number
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of samples per distance at a given movement speed, this sample rate would make scanning
a large area extremely time consuming. While slow scan speeds are often a limitation of
frequency domain radar systems, the current system has not been optimized at all for scan
speed. Increasing the scan rate to 10 Hz (or more) may be possible, and this would
dramatically increase the practicality of the synthetic UWB OAM radar for doing field
surveys.
It is also an open question as to how “special” OAM really is. OAM is a type of
structured field that appears to have special significance based on its mathematical origins
in quantum mechanics and Maxwell’s equations. But other types of structured fields—
indeed, arbitrarily structured fields—do exist, and these may very well have their own
characteristic properties that are uniquely suited to certain types of sensing or
communication applications. If we can build a helical phase front, why not a square one,
or an “L” shape? What properties would these waves possess? Next generation “5G”
cellular phones promise built-in microwave phased arrays—what might be possible once
the tools to investigate these phenomena become ubiquitous? The study of structured fields,
particularly in the microwave regime, is truly in its infancy, and one is fair to wonder what
marvels await.
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7

APPENDIX 1: NOTABLE UNPUBLISHED WORK
7.1

Custom Time Domain GPR System

This section describes a custom programmed time-domain GPR system assembled
from commercial benchtop componentry. It is designed to offer flexible, consistent
performance for laboratory sandbox testing, through-wall applications, as well as GPR
field tests. Compared to other GPR systems, it has swappable modular componentry,
customizable MATLAB software, compatibility with air launched horn antennas, superior
triggering stability for clear imaging, high power output, and high-speed high-resolution
sampling.
System componentry is listed in Table 1. The receiver used for this system is an 8bit Keysight MSOX6004A Mixed Signal Oscilloscope. It is a 4-channel oscilloscope with
a max sampling rate of 20 GS/second (when using two receiver channels), or 10 GS/second
(four receiver channels), and 6 GHz bandwidth. A 64-bit Windows 10 PC running a custom

Component Type

Model

Quantity

Digitizer

Keysight MSOX6004A Oscilloscope

1

Pulse Source

Picosecond Pulse Labs Model 4015D
Pulse Generator

1

Low Noise Amplifier
(Optional)

AH Systems PAM-0207

1

Antennas

GIMA Horn

2-5

Controller

PC via MATLAB

1

Control Software

Control_MSOX6004A.m

1

Post Processing Software

MSOX6004A_post_process_II.m

1

Table 1

System componentry for custom time domain radar
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MATLAB program is used to control the oscilloscope, collect, and process data. While a
high-powered computer is not required, basic componentry such as a solid-state hard drive
is necessary.
The pulse source is a Model 4015D Picosecond Pulse Labs Pulse Generator. This
pulse generator features a 12-picosecond transition time and a 5-volt step amplitude [2].
Picosecond
Pulser
pulse

trigger
output

MSOX6004A Oscilloscope

Ext.
trigger
input

GIMA antenna

USB

MATLAB Laptop
(Lenovo S340)

CH 1
input

GIMA antenna

(a)

(b)
Figure 9 (a) Block diagram of the custom time domain radar with Picosecond pulser. (b) A
photographic diagram of the same.
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(Step amplitude was measured experimentally at 5.8 volts.) When the step is transmitted it
is differentiated into a pulse (with a width of approximately 1-nanosecond) by a GIMA
horn antenna attached to the output port by a SubMiniature version A (SMA) microwave
cable. The Picosecond pulse generator can be internally or externally triggered. For this
project, internal triggering is used with the pulse-rate set to 1000 Hz. Critically, this
triggering is extremely time-stable, which avoids unwanted scan fuzziness caused by pulse
jitter. The oscilloscope collects traces from each of the four channels at approximately 15
Hz. Triggering the source at 1000 Hz ensures that there is always a trace “ready” to collect.
(The oscilloscope can also be set to average every 16 traces from each channel. Doing this
drops the trace save-rate to 6 Hz/channel. However, since these traces are now “average”
traces, sampling occurs at 6*16=96 Hz. This strategy is advantageous in slow-moving scan
speeds.) Data acquisition can operate continuously as specified by the custom MATLAB
control software. Figure 9(a) shows a block diagram illustrating the system layout. In both
Figure 9(a) and Figure 9(b) only a single receiver antenna is shown—in practice, 1-4
recerive antennas may be used, one for each of the oscilloscope’s four input channels.
Detailed operating instructues can be found in the author’s “MSOX6004A Time Domain
Manual” document.
Figure 10 demonstrates the high performance of the custom time domain radar via
comparison with two alternative systems. Figure 10(a) shows a radar scan, collected using
the custom time domain system, of a laboratory sandbox testbed containing a buried 1-inch
rebar. The top and bottom of the sandbox are clearly visible, as well as a sharply defined
target parabola. Figure 10(b) shows an outdoor field test with this system: crisp detection
of a buried (inert) American M15 steel case anti-tank mine. Figure 10(c) is a repeat of the
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 10 (a) Rebar in sandbox testbed and (b) field test detection of American M15 anti-tank
mine using custom time domain radar. (c, d) The same, using Anbu’s pulser board as the radar
source. (e) Rebar in sandbox testbed collected using Anbu’s pulser board and Acqiris radar. (f)
Enlarged view of the “gold standard” GEARS dataset, taken April 5, 2013, using the radar based
on Anbu’s pulser board and the Acqiris.

test show in Figure 10(a), except the Picosecond Pulse Generator has been replaced with
“Anbu’s pulser board” [87], a custom pulse source designed in the Huston & Xia
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laboratories in 2013. Compared with the Picosecond, Anbu’s pulser board produces a
higher-power pulse (18 volts versus 5 volts) and is more compact and lighter weight.
However, the triggering is not as time-stable, which manifests as a fuzzier image in Figure
10(c), as compared with Figure 10(a). Figure 10(d) repeats the inert mine field test of
Figure 10(b) using Anbu’s pulser board instead of the Picosecond. Due to the larger
physical dimensions of this test, the triggering-instability fuzziness is less noticeable, and
the parabola in Figure 10(d) is nearly as clear as that in Figure 10(b). While the modular
design of the custom time domain radar system allows it to function with either pulse
source, the Picosecond Pulse Generator is recommended due to its superior resultant data
quality.
Figure 10(f) shows an enlargement of the GEARS “gold standard” GPR data set
taken April 5, 2013. That GPR system used Anbu’s pulser board and an Agilent Acqiris
10-bit U1065A digitizer [87]. The Acqiris can digitize 4 channels at 2 GS/s each, or 1
channel at 8 GS/s. Figure 10(e) shows this gold standard system when applied to a rebar in
the sandbox testbed. Clearly, the new custom time domain system described in this research
offers a significant improvement, Figure 10(a).
A radar system with low total RF emitted power over time will produce less
interference with other devices and be more difficult to detect in covert military
applications. To calculate emitted signal power for the Picosecond pulse generator [51],
start with the expression for signal power spectral density, assuming an antenna efficiency
of one:
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1 𝑡𝐷 𝑉 2
∫0 𝑅 𝑑𝑡
𝑑𝐵𝑚
)
𝑃𝑠 = 10 ∗ log10 [𝑇
∗ 109 ] (
𝐵𝑤
𝑀𝐻𝑧

(18)

V is pulse amplitude, tD is pulse width, BW is signal bandwidth, T is pulse repetition period,
and R is antenna input terminal impedance. Set pulse width 𝑡𝐷 = 1 𝑛𝑠, signal bandwidth
𝐵𝑊 = 1 GHz, pulse repetition period 𝑇 = 103 cycles, and antenna input impedance 𝑅 =
50 𝑜ℎ𝑚. Pulse voltage is 5 volts:
1 52
3 ∗ 50
𝑑𝐵𝑚
)
𝑃𝑠 = 10 ∗ log10 [10 9 ∗ 109 ] ≅ −33 (
10
𝑀𝐻𝑧

(19)

This gives an estimation of the total emitted signal power over time for the Picosecond
Pulse Generator. This calculation can also be performed for Anbu’s pulser board [87]. For
a pulse voltage of 18V:
1 182
3 ∗ 50
𝑑𝐵𝑚
10
9
(
)
𝑃𝑠 = 10 ∗ log10 [
∗
10
]
≅
−22
109
𝑀𝐻𝑧

(20)

For comparison, the frequency-domain Keysight FieldFox GPR system [53] has an output
power of -1.6 dBm and 100 KHz bandwidth, giving it a total signal power of:
105 𝐻𝑧
𝑑𝐵𝑚
)
𝑃𝑠 = −1.6 − 10 ∗ log10 [ 6 ] ≅ −12 (
10 𝐻𝑧
𝑀𝐻𝑧

(21)

From these calculations it is clear that the Picosecond Pulse Generator produces massively
less RF emitted power than either Anbu’s pulser board [87] or the frequency domain
Keysight FieldFox GPR system.
For applications with weak signal returns (peak-to-peak voltage below 50 mV) an
inline low noise amplifier (LNA) can be used on a single receiver channel, between the
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Figure 11 Wide antenna separation open air test with LNA. Data are shown with a mean trace
background subtraction performed. (a) Antenna locations: Tx indicates the transmitter, Rx
indicates the receiver. (b) Steel screen target and 3” steel flat target. (c) Stationary location, moving
the steel screen back-and-forth (towards and away from the radar). (d) Moving the steel screen
past antennas. (e) Moving 3” steel flat past antennas.

receiver antenna and the oscilloscope’s receiver port. The model of choice is an AH
Systems PAM-0207 preamplifier with a frequency range of 20 MHz to 7 GHz and typical
high gain of 30 dB. To avoid damage to the LNA and oscilloscope, transmit and receive
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antennas must be kept separated and never pointed directly at one-another when using an
LNA.
An open-air radar test with wide antenna separation is an example of a situation in
which it is appropriate to use an LNA with the custom time domain radar system. In this
test, GIMA antennas are installed 12-feet 9-inches apart. A target is moved across the field
of view approximately 8-10 feet in front of the bistatric antenna pair, as in Figure 11(a).
Targets are shown in Figure 11(b): a large steel window screen, and a 3” steel flat. Figure
11(c) shows the steel screen held in the radar’s field of view, moved back and forth, towards
and away from the radar. The position tracking is extremely clear. Figure 11(d) shows a
scan of the steel screen being panned in front of the radar, from left to right, as the author
holds the screen and walks across the lab. Figure 11(e) shows the same test, except with
the 3” steel flat target. The holder crouches so that their body is not in the antenna beam.
While less evident than the much larger steel screen, the 3” steel flat is detected—a
successful demonstration of the sensativity of the custom time domain radar system.
7.2

Additional OAM Results

This section describes OAM results unreported in the main publication arc. The
time domain OAM system described in Section 3.3 and shown in Figure 7 was used for the
following experiments. To synthesize an OAM helix, each of the circular phased array
elements was configured to transmit with the following phase offsets: channel 1 (0°),
channel 2 (120°), channel 3 (240°). Channel 4 transmission was turned-off. The received
data for this test are shown in Figure 12(a). The recorded phasing of the received signal is
evidence of the formation of the OAM helix. Figure 12(b) shows the signal received at the

80

(a)

(b)

(c)
Figure 12 (a) Received signals from circular phased array demonstrating 120-degree phase offset.
Central transmitter channel 4 is turned off. (b) Received signal from center-mounted receiver
channel 4 using the same configuration. (c) Receiver channel 1 and receiver channel 4 after a
perpendicular (lateral) spatial offset of one-half wavelength (0.2 meters). Receiver channel 1 is now
in-phase with receiver channel 4.

center-mounted channel 4. If precisely configured, the center of the OAM vortex will have
a null signal. While imperfect, channel 4 does reveal noticeably lower signal amplitude.
Figure 12(c) shows the result achieved by laterally moving the receiver array onehalf wavelength (0.2 meters) perpendicular to the helix propagation direction. This was
done to probe the shape and characteristics of the OAM beam. After this displacement,
channels 1 and 4 become in-phase, which demonstrates spatial consistency with the
Laguerre-Gaussian OAM helix model described in Figure 4. This is an important proof-of81
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Figure 13 (a) Channel 1 is unobstructed. (b) Channels 2-4 are obstructed. (c) Received signal when
transmitting OAM mode 0, i.e. transmitters in-phase. (d) Received signal when transmitting OAM
mode +1. Channel 1 registered a stronger received signal with OAM mode +1 phasing than with
in-phasing. This indicates that OAM beams may possess a self-healing property.

concept for implementing OAM control at 750 MHz with the time domain phased array
system.
There is a class of beams derived from the scalar wave equation with intensity
distributions that do not change with propagation [18]. Theses beams, known as
diffraction-free or propagation-invariant, have the general form:
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E(x, y, z ≥ 0, t)
= exp[i(βz

(22)

2π

− ωt)] ∫ A(φ)exp[iα(xcosφ + ysinφ)]dφ
0

with the constraint:
ω 2
β2 + α2 = ( )
c

(23)

where A(φ) is an arbitrary complex integrable function. Bessel beams fall into this category
[18]. Certain Bessel beams have a self-healing property [97] such that they can overcome
partial obstruction due to a self-compensating diffraction. While OAM beams are not
inherently propagation-invariant [59], it is of considerable practical interest whether
advanced waveforms such as OAM beams may exhibit similar self-healing properties. A
test was performed to evaluate the effect of an obstruction on the transmission of OAM
mode +1. Transmitter channel 4 was turned-off for this test. With channel 1 unobstructed
and channels 2-4 obstructed by a steel screen, channel 1 registered a stronger received
signal with OAM mode +1 phasing than with traditional in-phasing (OAM 0), Figure 13.
This promising preliminary result provides motivation for performing additional
microwave laboratory tests and simulations leveraging OAM control via circular phased
arrays.
7.3

Investigating OAM Modal Orthogonality

The mathematical orthogonality of LG modes indicates that it may be possible to
propagate EM waves with unique information content along a beamline at the same
wavelength [14, 63, 88]. This would increase the data rate of a communication system and
improve spectral efficiency. In a radar, unwanted cross-coupling between antennas can
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degrade performance and limit feasible test configurations. One method to achieve greater
radar flexibility may be to use the mathematical orthogonality of different OAM modes to
separate radar information flows. However, the exact nature of this orthogonality, and the
extent to which it can be practically implemented with microwaves, has generated
significant controversy [40, 73-76].
Mahmouli and Walker [42] demonstrate the creation of multiple OAM modes at 60
GHz; however, the modes propagate along different beamlines [88], so it is not clear if the
modes are orthogonal or merely separated in space. Yan [88] demonstrates OAM data
multiplexing “using four independent orbital angular momentum beams on each of two
polarizations” [88] through the same aperture and on the same spatial axis at 28 GHz. This
is accomplished using an SPP for each channel and a proprietary microwave combiner
consisting of three beamsplitters. It is unclear whether this result requires a continuous
analog structure like an SPP, or whether this capability could be reproduced using circular
phased arrays with discrete numbers of antenna elements. Other publications argue that
free space communication schemes using OAM have no special properties or advantages
and are merely a (potentially sub-optimal [96]) subset of possible multiple-input-multipleoutput (MIMO) solutions [19, 73].
In this Chapter, study and experimentation are performed to investigate the feasibility
of gigahertz-frequency OAM modal orthogonality, and to determine the extent to which a
phased array may be a viable method for realizing orthogonality between different OAM
modes. The investigation begins with an examination of the three-dimensional wave
equation. In free space, Maxwell’s equations describe propagating EM fields, including
those which have nonzero OAM [82], as follows:
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⃗ =
∇×B

⃗
1 ∂E
𝑐 2 ∂t

(24)

⃗
∂B
∂t

(25)

⃗ =−
∇×E

⃗ =0
∇∙B

(26)

∇ ∙ ⃗E = 0

(27)

⃗
where c is the speed of light in a vacuum, 2.998 × 108 m/s. Combining the curl of ∇ × E
with ∇ ∙ ⃗E = 0, and using the identity for an arbitrary continuous vector field ⃗A:
∇ × ∇ × ⃗A = ∇∇ ⋅ ⃗A − ∇2 ⃗A

(28)

gives the three-dimensional vector wave equation:
⃗ =
∇2 E

1 ∂2 ⃗E
c 2 ∂t 2

(29)

which can be expanded:
∂2 ⃗E ∂2 ⃗E ∂2 ⃗E 1 ∂2 ⃗E
+
+
−
=0
𝜕𝑥 2 𝜕𝑦 2 𝜕𝑧 2 𝑐 2 ∂t 2

(30)

Feynman notes that since the three-dimensional wave equation is linear, the most general
solution “is a superposition of all sorts of plane waves moving in all sorts of directions”
[22]. The implication of this is that EM waves with OAM will obey superposition in free
space—an important claim that is verified below.
Digital OAM modal demodulation was used to evaluate the orthogonality of OAM
modes in a FDTD simulation. Compared to previously cited research, this study attempts
to generate orthogonal OAM modes using circular phased arrays, at frequencies at or near
1 GHz, and on a single beamline. Modal discrimination is performed on timescales on the
order of a single wave cycle. Since a given OAM mode has a known spatially dependent
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phase front, these phase delays can be canceled-out automatically in post processing. For
an OAM mode 𝓸𝓵 , and a mode-specific demodulate process 𝐃𝓵 , a coherent signal S is
obtained:
𝐃𝓵 (𝓸𝓵 ) = 𝐒

(31)

If, by this method, the individual received signals demodulate into a single coherent sine
wave, an OAM mode is positively identified. If the received signals remain offset, then
either a different OAM mode is present, or no OAM mode is present. If two different
orthogonal modes are broadcasted simultaneously, it may be possible to demodulate one
with an appropriate OAM filter. In this simulation experiment, two co-located 8-element
transmitter circular phased arrays are simulated in the FDTD software gprMAx [83] such
that Array 1 broadcasts an OAM +1 waveform, and Array 2 broadcasts an OAM -1
waveform. Figure 14(a) shows the simulation configuration. The antenna arrays have radii
of 30 centimeters, equal to 1-wavelength (at 1 GHz). Each antenna in the transmitting array
broadcasts a phase-adjustable 1 GHz sine wave. The simulation domain is 1.5 x 1.5 x 2.5
meters, including a 0.25-meter thick perfectly matched layer (PML) absorbing boundary
condition within each face. The two transmitter arrays and one receiver array are placed
1.5 meters apart. The time step is 6.16 picoseconds with a 9.9 nanosecond simulation
duration. Spatial resolution in the X, Y, and Z directions is 3.2 millimeters. X, Y, and Z
components of this waveform are received at each of the eight receiver antennas. The Ydirection components are selected, and a moving-mean filter is applied to each of the
received signals to remove high-frequency noise.
One 8-element receiver circular phased array receives waveforms transmitted from
both transmitter arrays. Figure 14(b) shows the raw received data (receiving both OAM
86

Co-located
Tx Arrays

Rx Array

(a)

(b)
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Figure 14 (a) Geometry view of two co-located 8-element transmitter circular phased arrays and
one 8-element receiver circular phased array. (b) Received data without OAM demodulation
processing. (c) OAM mode -1 demodulation applied. (d) OAM mode +1 demodulation applied.

mode -1 and OAM mode +1) without OAM demodulation processing. OAM mode -1
demodulation is applied in Figure 14(c), and OAM mode +1 demodulation is applied in
Figure 14(d). Neither demodulation process results in extraction of the corresponding
demodulated signal. Instead, demodulation with mode -1 results in the received signal
order: Rx6 and Rx2, then Rx5 and Rx1, then Rx8 and Rx4, with Rx7 and Rx3 returning
almost no signal. Demodulation with mode +1 results in the received signal order: Rx8 and
Rx4, then Rx5 and Rx1, the Rx6 and Rx2, with Rx7 and Rx3 returning almost no signal.
Since neither mode is successfully demodulated, this test does not produce evidence that it
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is possible to use phased arrays to generate, receive, and discriminate fully independent
data streams operating on different OAM modes. (It is important to note that this outcome
does not disprove any notion of modal orthogonality either. But it does raise the question
of whether digital phased arrays are the appropriate tool for implementing low-frequency
OAM multiplexing.) Scattering is known to reduce or destroy the orthogonality between
OAM modes [24, 96]; however, scattering should not be a significant contributor in free
space simulations. Other inquiries [79, 85] have shown that it is possible to positively
identify multiplexed microwave OAM modes via a modal-spectral analysis similar to
Fourier transformation. However, that identification approach does not provide the fullwaveform demodulation necessary for true independent-channel data multiplexing. It is
possible that an eight-element array has too-few antennas to produce precise OAM
waveforms which exhibit modal orthogonality, but this seems unlikely given the highquality phase front that can be produced by an 8-element phased array [54]. It is evident
that challenges remain for full-waveform modal demodulation at the frequencies and
dimensions here studied. Critically though, the test results appear to be driven by signal
superposition—opening the door for leveraging microwave OAM in advanced sensing
schemes which rely on superposition.
Next, superposition properties are verified with a simulation experiment. Data were
examined to assess the extent to which overlapping OAM modes are related directly by
superposition. As described previously, Figure 14(c) shows the result of simultaneously
transmitting OAM +1 and OAM -1 from two co-located circular phased arrays and then
demodulating the received signal with OAM -1 post-processing. If the OAM waveforms
are governed entirely by superposition, this is equivalent to transmitting OAM +1 from a
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(a)

(b)

Figure 15 Demonstrating superposition of OAM modes. (a) Transmitting OAM +1 and
demodulating with OAM -1, then transmitting OAM -1 and demodulating with OAM -1, and
finally adding together the two demodulated signals. (b) The same process, except OAM +1
demodulation is performed instead.

single circular phased array and then demodulating with OAM -1, then transmitting OAM
-1 and demodulating with OAM -1, and finally summing the two resultant demodulated
signals. The result is shown in Figure 15(a). The processed data are identical to Figure
14(c), indicating that these procedures are equivalent. Formally:
𝐃−𝟏 (𝓸−𝟏 + 𝓸+𝟏 ) = 𝐃−𝟏 (𝓸−𝟏 ) + 𝐃−𝟏 (𝓸+𝟏 )

(32)

This establishes linear additivity, indicating that superposition is a governing principle.
(Homogeneity, i.e. multiplicative scaling, is easily established by use of stronger or weaker
generating signals.) Figure 15(b) shows the case where OAM +1 demodulation is used.
These results are identical to those seen in Figure 14(d), furthering the argument that
superposition is valid in free space. This result provides motivation for performing
frequency domain OAM experiments (Chapter 3.4, Chapter 4.2) which exploit EM
superposition.
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7.4

Phased Array Radius and OAM Properties

The radius of a uniform circular phased array impacts the quality of an OAM phase
front. This dependence was first investigated by Mohammadi et al. [45]. In general, array
radii measuring at least five times the operating wavelength result in an off-axis
malformation of the OAM phase front. Phase structure is preserved close to the axis of
beam propagation, but unusual behavior can be observed farther from the axis. Calculating
the OAM phase front, as in Chapter 4.2, for different array radii facilitates visualization of

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 16 Phase fronts for three OAM modes generated by phased arrays of three different
diameters at 9 GHz. (a) OAM mode 𝒍 = 𝟏, radius 𝒓 = 𝟎. 𝟓𝝀. (b) 𝒍 = 𝟑, 𝒓 = 𝟎. 𝟓𝝀. (c) 𝒍 = 𝟔, 𝒓 =
𝟎. 𝟓𝝀. (d) 𝒍 = 𝟏, 𝒓 = 𝟏𝝀. (e) 𝒍 = 𝟑, 𝒓 = 𝟏𝝀. (f) 𝒍 = 𝟔, 𝒓 = 𝟏𝝀. (g) 𝒍 = 𝟏, 𝒓 = 𝟔𝝀. (h) 𝒍 = 𝟑, 𝒓 = 𝟔𝝀.
(i) 𝒍 = 𝟔, 𝒓 = 𝟔𝝀. Large array radii lead to off-axis malformation of the OAM phase front.
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this phenomenon. Figure 16 shows the results of these calculations evaluated in MATLAB.
Array parameters were chosen to match those used by Mohammadi et al. [45] so that these
results may be verified by comparison with published literature. The microwave frequency
𝑓 = 9 𝐺𝐻𝑧, the number of antenna elements 𝑁 = 16, the distance from the origin 𝑧 = 25
wavelengths, and the visible window is 120 by 120 wavelengths. (It is worth nothing that
Figure 16 uses an updated formulation of the calculation presented by Liu et al. [39]. An
issue of phase transition is addressed, and the phase is visualized from −𝜋 to +𝜋. The
Mohammadi [45] result considers phase from 0 to +2𝜋. Figure 16 is consistent with the
results presented in Chapter 4.2.)
In Figure 16, three OAM modes are considered for three different array radii. From
left to right, the first row shows OAM modes 1, 3, and 6 generated from an array with a
half-wavelength radius. The middle row shows OAM modes 1, 3, and 6 generated from an
array with a radius of one wavelength. For Figure 16(a)-(f) the OAM phase fronts are wellformed. The bottom row shows OAM modes 1, 3, and 6 as produced by an array with a
six-wavelength radius. Here, off-axis phase degradation is clear, especially in Figure 16(i),
where the direction of phase-rotation changes entirely! Closer to the axis of propagation,
however, the phase front maintains its structure.
The interpretation of these results is clear: for measurements taken relatively close
to the waveform’s axis of propagation, the OAM phase front is remarkably stable to
changes in array radius. This is an important conclusion for applications such as the
synthetic UWB OAM radar described in Chapter 4.2, in which an array of fixed radius is
used for ultra-wideband frequency measurements.
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Another important consideration for radar sensing with an OAM waveform is the
annular intensity distribution. If a target or receiver array is entirely within the area of
minimal intensity, detection or reception of the OAM waveform will not be possible. To
determine the diameter of the intensity “doughnut” [36] for a specific set of parameters,
the array factor Ψ is evaluated [44]:
𝑁

Ψ𝑙 ~ ∑ 𝑒

2𝜋𝑛
2𝜋𝑛
2𝜋𝑛𝑙
(−𝑥)+sin
(−𝑦)] −
−𝑖(𝑘𝑎[cos
)
𝑁
𝑁
𝑁

(33)

𝑛=1

The array factor is the complex far-field radiation intensity pattern generated by an array
of N antenna elements [9]. This intensity pattern can be calculated for a given set of
transmission parameters; for example, the parameters used in the radar and communication
simulation experiments presented in Chapter 4.3. Figure 17 shows the result. As in Chapter
4.3, the microwave frequency 𝑓 = 1 𝐺𝐻𝑧, the number of antenna elements 𝑁 = 8, and the
distance from the origin 𝑧 = 3.5 meters. Figure 17(a) is a 7-meter by 7-meter window

(a)

(b)

Figure 17 Intensity profiles for the simulation experiments performed in Chapter 0. (a) Shows the
complete intensity “doughnut” with amplitudes shown from minimum (blue) to maximum (red).
The size of the receiver array is shown by the small black circle. (b) Shows an area of interest equal
to the cross section of the simulation domain, at the location of the receiver array (black circle).
Amplitude scaling is the same as in part (a).

92

which shows the complete intensity doughnut (dark red) in the plane of the receiver array
(small black circle). The receiver array has a radius of one wavelength, or 0.3 meters.
Figure 17(b) shows a subset area of interest equal to the cross section of the simulation
domain (one meter on a side) at the location of the receiver array. The receiver array (black
circle) is located in an intensity region approximately 25-35% of maximum intensity.
While this simulation experiment in Chapter 4.3 was successful, it is clear that increasing
the diameter of the receiver array (or the transient target) could lead to a 3-4 fold increase
in signal strength. Conversely, a target smaller than approximately 0.15 meters in diameter
may be lost entirely in the low-intensity center (dark blue).
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APPENDIX 2: PATENT

US patent US010771116B2, “Vibrating Magnet Antenna”, was issued September 8,
2020. The patent relates to the paper, “Y-Stator Vibrating Magnet Antenna”, presented in
Chapter 4.4.
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